Polymer bonded explosives (PBXs) are widely used as energetic fillings in various warheads, which maybe are utilized under extreme environments, such as low or high temperatures. In this paper, the dynamic response of an aluminized polymer bonded explosive was tested at a range of temperatures from −55 ∘ C to −2 ∘ C and a fixed loading strain rate (∼700 s −1 ) with the split Hopkinson pressure bar (SHPB). The PBX tested is aluminized, which contains 76 wt% RDX, 20 wt% aluminum powder, and 4 wt% polymer binder, respectively. The results show that the effect of temperature on the strength of the PBX is obvious at the tested strain rates. Based on the experimental results and prophase studies, a constitutive model was obtained, in which the effect of temperature and strain rate were considered. The modeling curves fit well with the experimental results, not only at low temperature under 0 ∘ C, but also at room temperature (20 ∘ C). The model may be used to predict the dynamic performances of the PBXs in various environments.
Introduction
Due to low sensitivity and high detonation performance, the polymer bonded explosives (PBXs) are commonly used as energetic fillings in various weapon systems. In addition, the PBXs feature favorable mechanical and physical properties and can be easily shaped for different warheads. Since the operation circumstances of the weapon systems are complex, the industrial and military technology research institutions require the energetic materials to be workable under extreme environments, such as wide temperature ranges. However, PBXs' main components are explosive crystal and polymer binder. Due to the fact that the latter can be easily affected by change in temperature, the mechanical properties of PBXs are usually nonlinear and highly temperature dependent. Further research is needed to fully characterize the dynamic mechanical properties of PBX over a wide temperature range, and the constitutive model is required to be developed to predict the dynamic mechanical properties at different temperatures.
Some research works on dynamic mechanical properties of PBXs have been done [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The dynamic and static mechanical properties of PBXs were very different [5] . Furthermore, researchers have paid more attention to the effect of temperature on dynamic mechanical response of PBXs [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The stress-strain responses of PBX9501 and mock 9501 were tested under different temperatures and strain rates [6] . Gray III et al. used a specially designed SHPB setup to obtain the compression properties of PBX9501 and PBX9502 over a wide range of temperatures from −55 to +50 ∘ C. They found that the strength of PBX9502 was lower than PBX9501, but the effect of temperature and strain rates was not as obvious as that of PBX9501 [7, 8] . In addition, they compared the compression properties of Kel-F 800T (the binder in PBX 9502) under dynamic loading and quasistatic loading at room temperature [8] . The difference of the effect of temperature on mechanical properties of a few energetic materials at high strain rate loading was also discussed [9, 10] . Three explosive formulation binders were measured by Cady et al. as a function of strain rate and temperature [11] . The EDC37 (a type of energetic composition) was tested to obtain the compressive strength over a wide range of strain rates (10 −8 ∼10 3 s −1 ) at a fixed temperature (293 ± 2 K) and over a wide range of temperatures (208 to 333 K) at a fixed strain rate (10 −3 s −1 ) [12] . Li et al. tested the dynamic compression of three PBXs with three different temperatures at different loading strain rates. Their conclusion was that the compressive yield strength of the PBXs was negatively correlated with temperature and positively correlated with the strain rates [13, 14] . By using the split Hopkinson pressure bar (SHPB), Qin et al. tested a PBX analog to investigate the effect of temperature and strain rate on mechanical properties [15] . Compressive and tensile properties of PBX 9501 and 9502 were tested at widely distinct temperatures and loading strain rates; the time-temperature analysis was made with the experimental stress-strain parameters [16] . However, studies of the constitutive relationship considering the effect of temperature are relatively few. In this work, an aluminized polymer bonded explosive was tested by the split Hopkinson pressure bar at temperatures from −2 ∘ C to −55 ∘ C. In order to more efficiently investigate the effect of temperature, the loading strain rates were fixed at around 700 s −1 with almost the same loadings. Based on the experimental results, previous work [17] , and fundamental equations regarding polymer [18, 19] , a constitutive equation was consequently derived, which can be used to quantify the effect not only of strain rate but also of temperature.
Experimental Designs

Material and Preparation.
The material tested in this study is an aluminized polymer bonded explosive (PBX), which is composed of 76 wt% RDX, 20 wt% aluminum powder, and 4 wt% binder. Finished samples were processed by compressing the energetic powder into cylinders (15 mm in diameter, 8 mm in length) with a forming tool. In order to ensure evenness of the samples, the same powder and former were used through the compressing process. The density of the samples was controlled at 1.7 g/cm 3 .
SHPB Testing.
The SHPB at the laboratory of National University of Defense Technology was used to test the samples of aluminized PBXs. The material used for all bars is 7075A Al alloy, and the diameter of bars is 20 mm. The lengths of incident bar, transmission bar, and striker bar are 2000 mm, 1200 mm, and 200 mm, respectively. In the experiment, the specimens were sandwiched between incident bar and transmission bar and were lubricated by molybdenum disulfide grease of a thin layer to reduce the effect of interfacial friction. In order to achieve stress equilibrium in the specimens, which is the basic assumption of SHPB testing, the pulse shaping technology was used to change the profile of the incident waves [20] . The shapers were made of some soft materials and were placed on the impact end of incident bar. Due to the plastic deformation of the shaper, the rise time of the incident pulse may be lengthened, which would be sufficient to achieve stress equilibrium in the specimen. In this study, some 2.6 mm × 2.6 mm × 1.0 mm rubber cuboids were used as the shapers. The typical strain signals in the bars are shown in Figure 1 , where the incident strain and reflected strain were measured by the strain gauges on the incident bar and the transmitted strain was measured by the strain gauges on the transmission bar. During the experiments, same types of strain gauges as well as dynamic strain amplifiers with 1 MHz bandwidth were utilized, and the data sampling frequency of oscilloscope was 10 MHz.
According to Figure 1 , the sum of and is consistent with during almost the entire loading process, which shows that the stress equilibrium is achieved in the experiment.
Low Temperature Control.
In this work, the effect of temperature on dynamic properties of the aluminized PBX was planned to be studied at temperatures from 0 ∘ C to −55 ∘ C. In order to ensure a uniform temperature, the specimens were placed in a steel cylindrical vessel, which can be adequately cooled by helium gas. The temperature of specimen was monitored by a thermoelectric couple on its surface. This monitoring also helps to obtain the real-time temperature when the specimen was loaded on the bars. The temperature changes had also been recorded when the specimen was taken out of the cooling vessel until being loaded in a series of experiments. The records show that the temperature changes are within 2 ∘ C, provided that only 2∼3 seconds are spent to take out the specimen from the vessel and then sandwich it between the two bars. These data facilitated for us to accurately propose the temperature of specimens in cooling vessel. The real-time temperature monitored by the thermoelectric couple on the surface of specimen was recorded as the temperature of each experiment. Small errors of temperature changes due to the thermoelectric couple and human recording were neglected, because the thermal conductivity of the PBX specimen was very small. In this study, the specimens were tested by SHPB at temperatures of −2 ∘ C, −11
∘ C, and −55 ∘ C.
Loading Strain Rate.
To more efficiently investigate the effect of temperature, the uniaxial compression tests were controlled at a fixed strain rate (∼700 s −1 ) with the approximately same loading condition. The loading strain rates at different temperatures are listed in Table 1 . 
Experimental Results
The compressive stress-strain curves of the PBX at different temperatures are shown in Figure 2 . From the figure, one can see that all the specimens failed. After reaching the peak, the stress decreases and the strain increases, which means that the deformation resistance of the specimen begins to decline. The peak stress is the failure strength of the specimen; the corresponding strain is called failure strain.
As can be seen from Figure 2 , the effect of temperature on mechanical parameters is evident. The failure strength is negatively correlated with temperature, and the strengthtemperature data can be linear fitting, as shown in Figure 3 . In addition, the failure strain reduces from 0.035 to 0.025 when the temperature decreases from −2 ∘ C to −55 ∘ C. This shows that PBX gains larger strength yet becomes more brittle as the temperature is lowered. The phenomenon is consistent with the general sense of polymer's properties at low temperatures. So, the polymer binder is likely to play an important role in the temperature effect of the PBX, though its proportion is little. However, the quantitative relation between the failure strain and temperature is not obvious, similar to that between the failure strength and temperature. Therefore, the relation between failure strain and temperature is not considered in this paper.
Constitutive Model
On the basis of prophase studies in the laboratory of National University of Defense Technology [17] and [18, 19] , the constitutive model of the PBX at low temperature was discussed in this section.
The data shown in Figure 3 can be linear fitted as
where is the failure strength (MPa) and is the temperature (Kelvin temperature, K, 0 ∘ C = 273.15 K). It should be noted that the data value is considered without dimensional analysis in (1) .
The constitutive model of the PBX at room temperature had been studied in prophase work [17] . Consider the following:
where is compression stress of the specimen (MPa), 0 is ideal density of the PBX (taken as 1.88 g/cm 3 in this study), is specimen's density (1.70 g/cm 3 in this study),̇0 is basic strain rate (taken as 1 s −1 ),̇is loading strain rate (∼700 s −1 in this study), 0 is compression strength at the temperature of 0 ∘ C (273.15 K) and with the strain rate of 1 s −1 (MPa, obtained by fitting experimental data), is impact factor of density, is impact factor of strain rate, and is cross-impact item. , , and are also obtained by fitting experimental data. Consider 0 = 14.24 MPa, = −17.04, = 0.0133, and = −0.0385. , , and are essential parameters of the material regardless of the initial density, strain rates, and temperature, and all of them are obtained by fitting experimental data as well. Consider = 130.8, = −314.4, and = 1.325 [17] .
The relation between the failure strength and temperature is linear as shown in Figure 3 and (1) . Furthermore, by drawing lessons from the equation of Williams Lander Ferry (WLF) form [18] and considering the extensibility from low temperature (lower than 0 ∘ C) to high temperature (higher than 0 ∘ C), the equation of the effect of temperature can be introduced as
where is temperature of the specimen (K), 0 is reference temperature (taken as 273.15 K), and is impact factor of temperature (obtained by fitting experimental data shown in Figure 3 ). Consider = 0.832. By combining (2) and (3), the complete constitutive model is generated as shown in (4), in which the effect of temperature and strain rates are both considered, and the parameters are listed in Table 2 . Consider
The comparison between the calculated results from models and experimental results at different temperatures is shown in Figure 4 . The curves of model prediction are ∘ C (specimen's density is 1.7 g/cm 3 , strain rate is 800 s −1 ).
well consistent with experimental results except for a few small details. Small deviations can be ignored in most engineering applications. In order to verify the applicability of the constitutive model at other temperatures above 0 ∘ C, the result of the PBX (with the same density of 1.7 g/cm 3 )
at 20 ∘ C and under the strain rate of ∼800 s −1 was calculated using (4) . The modeling curve is also well agreed with the experimental data reported earlier [17] , as shown in Figure 5 . These statistics indicate that the constitutive model is applicable for predicting the dynamic properties of the PBX at different temperatures. Further research is certainly needed to verify the applicability of the model at higher temperatures.
Conclusion
An aluminized polymer bonded explosive was tested by split Hopkinson pressure bar at low temperatures (from −2 ∘ C to −55 ∘ C), and the stress strain curves were consequently obtained. Based on the experimental results and prophase studies, a constitutive model of the PBX was attained, in which the effect of temperature and strain rates are both considered. The following conclusions can therefore be drawn: (1) the tested PBX is temperature sensitive at low temperatures. This phenomenon is possibly because of the polymer binder which is the most temperature sensitive in the PBX compositions; (2) the failure strength of the PBX is negatively correlated with temperature and the PBX gains larger strength but becomes more brittle as the temperature is lowered; (3) the model predictions are well consistent with experimental results, when the specimens are at the temperature not only under 0 ∘ C but also above 0 ∘ C.
